Epidemiological studies evaluating the association between the intake of vitamin C and lung cancer risk have produced inconsistent results. We conducted a meta-analysis to assess the association between them. Pertinent studies were identified by a search of PubMed, Web of Knowledge and Wan Fang Med Online through December of 2013. Random-effect model was used to combine the data for analysis. Publication bias was estimated using Begg's funnel plot and Egger's regression asymmetry test. Eighteen articles reporting 21 studies involving 8938 lung cancer cases were included in this meta-analysis. Pooled results suggested that highest vitamin C intake level versus lowest level was significantly associated with the risk of lung cancer [summary relative risk (RR) 5 0.829, 95%CI 5 0.734-0.937, I 2 5 57.8%], especially in the United States and in prospective studies. A linear dose-response relationship was found, with the risk of lung cancer decreasing by 7% for every 100 mg/day increase in the intake of vitamin C [summary RR 5 0.93, 95%CI 5 0.88-0.98]. No publication bias was found. Our analysis suggested that the higher intake of vitamin C might have a protective effect against lung cancer, especially in the United States, although this conclusion needs to be confirmed. L ung cancer accounts for a significant proportion of cancer-related deaths worldwide, with an estimated 1.3 million newly diagnosed cases each year; furthermore, the overall survival rate for lung cancer patients is extremely low 1 . The age-adjusted incidence rate of lung cancer was recently reported at 62.6 cases per 100,000 people per year, and the age-adjusted death rate at 50.6 per 100,000 people per year 2 . Thus, primary prevention of lung cancer is critical. Many studies have shown that lung cancer is associated with genetic factors 3,4 , and environmental factors including tobacco use 5 , alcohol consumption 6 , and intake of fruit, vegetables 7 and vitamins 8,9 can also affect the incidence of lung cancer. Vitamin C is one of the most common antioxidants in fruits and vegetables, and it may exert chemopreventive effects 10 . It has generally been acknowledged that vitamin C protects cells from oxidative DNA damage, thereby blocking carcinogenesis 11 . To date, a number of epidemiologic studies have been published exploring the relationship between vitamin C intake and lung cancer risk. However, the results of these studies are not consistent. Therefore, we conducted a meta-analysis in order to (1) assess lung cancer risk for the highest vs. lowest categories of vitamin C intake; (2) assess the dose-response association of lung cancer for every 100 mg/day increment in vitamin C intake; and (3) assess heterogeneity and publication bias among the studies we analyzed.
L
ung cancer accounts for a significant proportion of cancer-related deaths worldwide, with an estimated 1.3 million newly diagnosed cases each year; furthermore, the overall survival rate for lung cancer patients is extremely low 1 . The age-adjusted incidence rate of lung cancer was recently reported at 62.6 cases per 100,000 people per year, and the age-adjusted death rate at 50.6 per 100,000 people per year 2 . Thus, primary prevention of lung cancer is critical. Many studies have shown that lung cancer is associated with genetic factors 3, 4 , and environmental factors including tobacco use 5 , alcohol consumption 6 , and intake of fruit, vegetables 7 and vitamins 8, 9 can also affect the incidence of lung cancer. Vitamin C is one of the most common antioxidants in fruits and vegetables, and it may exert chemopreventive effects 10 . It has generally been acknowledged that vitamin C protects cells from oxidative DNA damage, thereby blocking carcinogenesis 11 . To date, a number of epidemiologic studies have been published exploring the relationship between vitamin C intake and lung cancer risk. However, the results of these studies are not consistent. Therefore, we conducted a meta-analysis in order to (1) assess lung cancer risk for the highest vs. lowest categories of vitamin C intake; (2) assess the dose-response association of lung cancer for every 100 mg/day increment in vitamin C intake; and (3) assess heterogeneity and publication bias among the studies we analyzed.
Methods
Search strategy. Studies were identified using a literature search of PubMed, Web of Knowledge and Wan Fang Med Online through December 2013, and by hand-searching the reference lists of the retrieved articles. The following search terms were used: 'lung cancer' or 'lung carcinoma' combined with 'nutrition,' 'diet,' 'lifestyle,' 'vitamin C,' 'vitamins' or 'ascorbic acid'. Two investigators searched articles and reviewed all the retrieved studies independently. Disagreements between the two investigators were resolved by consensus with a third reviewer.
Study selection. For inclusion, studies had to fulfill the following criteria: (1) have a prospective or case-control study design; (2) vitamin C intake was the independent variable of interest; (3) the dependent variable of interest was lung cancer; (4) relative risk (RR) or odds ratio (OR) with a 95% confidence interval (CI) was provided; and (5) for dose-response analysis, the intake of vitamin C for each response category must also have been provided (or data available to calculate them). If data were replicated in more than one study, we included the study with the largest number of cases. Accordingly, the following exclusion criteria were also used: (1) reviews; (2) the RR or OR with 95%CI was not available and (3) repeated or overlapped publications.
Data extraction. Two researchers independently extracted the following data from each study that met the criteria for inclusion: the first author's last name, year of publication, geographic locations, study design, sample source, the age range of study participants, duration of follow-up, the number of cases and participants (personyears), and RR (95%CI) for each category of vitamin C. From each study, we extracted the RR that reflected the greatest degree of control for potential confounders. If there was disagreement between the two investigators about eligibility of the data, it was resolved by consensus with a third reviewer.
Statistical analysis. The pooled measure was calculated as the inverse varianceweighted mean of the logarithm of RR with 95% CI, to assess the association between vitamin C intake and the risk of lung cancer. Random-effects model was used to combine study-specific RR (95%CI), which considers both within-study and between-study variation 12 . The I 2 was used to assess heterogeneity, and I 2 values of 0, 25, 50 and 75% represent no, low, moderate and high heterogeneity 13 , respectively. Meta-regression with restricted maximum likelihood estimation was performed to assess the potentially important covariates that might exert substantial impact on between-study heterogeneity 14 . If no significant covariates were found to be heterogeneous, the ''leave-one-out'' sensitive analysis 15 was carried out to evaluate the key studies with substantial impact on between-study heterogeneity. Publication bias was evaluated using Begg's funnel plot 16 and Egger regression asymmetry test 17 . A study of influence analysis 18 was conducted to describe how robust the pooled estimator was to removal of individual studies. An individual study was suspected of excessive influence if the point estimate of its omitted analysis lay outside the 95% CI of the combined analysis.
For the dose-response analysis, the method reported by Greenland et al. 19 and Orsini et al. 20 was used to calculate study specific slopes (linear trends) based on the results across categories of vitamin C intake. The method requires that the distribution of cases and person-years or non-cases and the RR with the variance estimates for at least three quantitative exposure categories are known. When this information was not available, we estimated the slopes (linear trends) by using variance-weighted least squares regression analysis 21, 22 . The median or mean level of vitamin C in each category was assigned to the corresponding RR with 95% CI for each study. When vitamin C was reported by range of intake in the paper, the midpoint of the range was used. When the highest category was open-ended, we assumed the width of the category to be the same as that of the adjacent category. When the lowest category was open-ended, we set the lower boundary to zero 23, 24 . The dose-response results in forest plots are presented for every 100 mg/day increment in vitamin C intake. A potential curve linear dose-response relation between vitamin C and lung cancer risk was examined by using restricted cubic spline model with three knots at the 25th, 50th and 75th percentiles 25 of the distribution. A P-value for non-linearity was calculated by testing the null hypothesis that the coefficient of the second spline is equal to zero. All statistical analyses were conducted with STATA version 11.0 (StataCorp LP, College Station, Texas, USA). Two-tailed P # 0.05 was accepted as statistically significant.
Results
Search results and study characteristics. The search strategy identified 398 articles from Pubmed, 77 from Wan Fang Med Online and 467 from the Web of Knowledge; 36 articles were reviewed in full after reviewing the title/abstract. By studying reference lists, we identified 3 additional articles. Twenty-one of these 39 articles were subsequently excluded from the metaanalysis for various reasons. In total, 18 articles 26-43 reporting 21 studies (14 prospective studies and 7 case-control studies) involving 8938 lung cancer cases were used in this meta-analysis. The detailed steps of our literature search are shown in Figure 1 . The characteristics of these studies are presented in Table 1 . Fifteen studies were conducted in the United States, two in the Netherlands, two in China, one in Canada and one in Uruguay.
Analysis of high versus low vitamin C. Six of the studies included in our analysis reported an inverse association of vitamin C intake with the risk of lung cancer. No significant association was reported in 13 studies, while 2 studies reported that high vitamin C intake could increase the risk of lung cancer. Our pooled results suggested that the highest vitamin C intake level compared to the lowest level was significantly associated with the risk of lung cancer [summary RR 5 0.829, 95%CI 5 0.734-0.937, I 2 5 57.8%] (Figure 2 ). When the studies were stratified by study design, the association was also found in the prospective studies [summary RR 5 0.829, 95%CI 5 0.729-0.942] but not in the case-control studies. In subgroup analyses for geographic locations, an inverse association of vitamin C intake with risk of lung cancer was found in the United States [summary RR 5 0.849, 95%CI 5 0.735-0.982], but not in Europe or Asia. When we conducted the subgroup analysis by sex, a significant association was found in males [summary RR 5 0.740, 95%CI 5 0.631-0.868], but not in females. Furthermore, with stratification for histological type, associations were found with both squamous cell carcinoma and adenocarcinoma. Details results are summarized in Table 2 .
Dose-response analysis. For dose-response analysis, data from fourteen studies 29, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] comprising 6607 cases were used for vitamin C intake and lung cancer risk. We found no evidence of statistically significant departure from linearity (P for nonlinearity 5 0.24). Our dose-response analysis of vitamin C indicated that an increase in vitamin C intake of 100 mg/day was statistically significantly associated with a 7% decrease in the risk of developing lung cancer (summary RR 5 0.93, 95%CI 5 0.88-0.98; Figure 3 ). Figure 2 , evidence of heterogeneity (I 2 5 57.8%, P heterogeneity 5 0.001) was found in the pooled results. However, univariate meta-regression analysis, with the covariates of publication year, study design, geographic locations, sex and sources of controls showed no covariate having a significant impact on between-study heterogeneity. The key contributor to this high between-study heterogeneity assessed by the leave-one-out analysis was one study conducted by Speizer et al. (1999) . After excluding this study, heterogeneity was reduced to I 2 5 48.2%, and the summary RR for lung cancer was 0.805 (95%CI 5 0.719-0.903).
Sources of heterogeneity. As shown in
Influence analysis and publication bias. Influence analysis showed that no individual study exerted excessive influence on the association of vitamin C intake and lung cancer risk. Begg's funnel plot ( Figure 4 ) and Egger's test (P 5 0.654) showed no evidence of significant publication bias related to the association between vitamin C intake and lung cancer risk.
Discussion
Findings from this meta-analysis indicated that the highest vitamin C intake level versus the lowest level was significantly associated with the risk of lung cancer. Inverse associations were also found in prospective studies, geographic locations of the United States and in the subgroup of males. Our dose-response analysis demonstrated a linear relationship between vitamin C intake and the risk of lung cancer, with a decrease in risk of 7% for every 100 mg/day increase in the intake of vitamin C.
We found a significant association between vitamin C intake and lung cancer in the United States, from which most of the included studies (17 out of 21), and therefore most of the subjects. Only 2 studies came from Europe and 2 from Asia, in which we found no significant association, probably due to the small number of cases included. Due to this limitation, the results are applicable to the United States, but cannot be extended to populations elsewhere. More studies originating in other countries are required to investigate the association between vitamin C intake and lung cancer risk. As reported previously in 3 studies 26, 29, 33 , we conclude from our metaanalysis that the relationship between vitamin C and lung cancer is restricted to males, but not in the females.
Vitamin C is hypothesized to reduce the risk of cancer because of its role in quenching free radicals and reducing oxidative damage to DNA [44] [45] [46] . Previous meta-analysis has suggested that vitamin C intake reduces the risk of colorectal adenoma (RR 5 0.78, 95%CI 5 0.62-0.98) 47 , and that for gastric adenocarcinoma, each 20-mmol/L increase in plasma vitamin C was associated with a 14% decrease in risk (RR 5 0.86; 95% CI 5 0.76-0.96) 48 . Although no association was found between vitamin C intake and breast cancer in prospective studies, an inverse association of vitamin C intake with risk of breast cancer was found in case-control studies 49 . Meta-analysis has also suggested that the risk of endometrial cancer as estimated in doseresponse models is reduced 15% for every 50 mg/1,000 kcal increase in intake of vitamin C (RR 5 0.85; 95%CI 5 0.73-0.98) 50 . Munafo and Flint reported that between-study heterogeneity is common in meta-analyses 51 . Exploring potential sources of between-study heterogeneity is therefore an essential component of meta-analysis. We found a moderate degree of heterogeneity (I 2 5 57.8%, P heterogeneity 5 0.001) in our pooled results. This might have arisen from publication year, study design, geographic location, sex, sources of controls or number of cases. Thus, we used metaregression to explore the causes of heterogeneity for covariates. However, no covariate having a significant impact on between-study heterogeneity was found among those mentioned above. We then performed subgroup analyses by the type of study design (prospective or case-control studies), geographic locations, sex and sources of controls (population-based and hospital-based) to explore the source of heterogeneity. However, between-study heterogeneity persisted in some of the subgroups, suggesting the presence of other unknown confounding factors. The key contributor to this heterogeneity as assessed by the leave-one-out analysis was one study conducted by Speizer et al. (1999) . After excluding this study, heterogeneity was reduced to I 2 5 48.2%, without changing the results (RR 5 0.805, 95%CI 5 0.719-0.903).
We report here the first comprehensive meta-analysis of vitamin C intake and lung cancer risk based on high versus low analysis and dose-response meta-analysis. Our study included a larger number of participants than others, allowing a much greater possibility of reaching reliable conclusions about the association between vitamin C intake and lung cancer risk. There were some limitations in this meta-analysis. First, a meta-analysis of observational studies is susceptible to potential bias inherent in the original studies, especially for case-control studies. Several case-control studies were included in this meta-analysis, and no association was found between vitamin C intake and lung cancer risk in case-control studies. Second, as in any meta-analysis, the possibility of publication bias is of concern, because small studies with null results tend not to be published. However, the results obtained from Begg's funnel plot analysis and Egger's test did not provide evidence for such bias.
In summary, results from this meta-analysis suggest that a high intake of vitamin C might have a protective effect against lung cancer, especially in the United States. Dose-response analysis indicated that the estimated risk reduction in lung cancer is 7% for every 100 mg/day increase in intake of vitamin C.
